In the past decade, single-molecule fluorescence techniques provided important insights into the structure and dynamics of proteins. In particular, our understanding of the heterogeneous conformational ensembles of unfolded and intrinsically disordered proteins (IDPs) improved substantially by a combination of FRET-based single-molecule techniques with concepts from polymer physics. A complete knowledge of the forces that act in unfolded polypeptide chains will not only be important to understand the initial steps of protein folding reactions, but it will also be crucial to rationalize the coupling between ligand-binding and folding of IDPs, and the interaction of denatured proteins with molecular chaperones in the crowded cellular environment. Here, I give a personalized review of some of the key findings from my own research that contributed to a more quantitative understanding of unfolded proteins and their interactions with molecular chaperones.
Introduction
Starting with the classic biochemical approaches that had driven the field of protein folding and dynamics for decades, protein folding research has developed substantially in the past decade (Lindorff-Larsen et al., 2011; Chung et al., 2012; Dill and MacCallum, 2012; Schuler and Hofmann, 2013) . One of the major goals of the present research is a detailed physical understanding of the selforganization of proteins through an intimate combination of theory, molecular simulations, and advanced experimental methods.
However, experiments and simulations have to close the gap to theory. Already in the late 1980s and early 1990s, theories of protein folding and protein collapse have been developed (Dill, 1985; Wolynes, 1987, 1990; Gutin, 1989, 1990; Stigter and Dill, 1990; Alonso and Dill, 1991; Bryngelson et al., 1995; Dill and Stigter, 1995) based on the statistical physics of polymers and spin glasses that reach back to the original work of Flory (1949) and de Gennes (1975) . To close this gap and quantitatively use these theories, experimental quantities that provide structural information directly, such as intramolecular distances, are needed. Single-molecule fluorescence spectroscopy provides this information with high precision and at a subpopulation specific level (Schuler, 2007; Schuler and Hofmann, 2013) . Additionally, not only distances but the timescales of their interconversion are available from picoseconds up to hours and days (Schuler and Hofmann, 2013) . Both types of information, intramolecular distances and the timescales of their interconversion were particularly important to understand the behavior of unfolded polypeptide chains Ziv and Haran, 2009; Müller-Späth et al., 2010; Hofmann et al., 2012; Soranno et al., 2012) . Although a detailed understanding of unfolded proteins by the combination of experiment, theory, and simulation seems to be of rather theoretical interest, the realization that intrinsically disordered proteins (IDPs) are important regulatory hubs in intracellular processes, such as transcription activation and signaling (Ferreon et al., 2013) , established a direct link between the physics of unfolded protein chains and the biological function of IDPs. Similarly, the function of molecular chaperones is difficult to rationalize without a quantitative understanding of the properties of their substrates, which often are denatured or even misfolded.
For example, it has been suggested that the confinement of proteins inside a cavity, such as the one formed by the heptameric rings of GroEL and GroES (Thirumalai and Lorimer, 2001; Hartl and HayerHartl, 2002; Fenton and Horwich, 2003; Bukau et al., 2006; Hartl et al., 2011) , can accelerate protein folding (A) Transfer efficiency histograms of doubly labeled CspTm at different concentrations of the denaturant guanidinium chloride (GdmCl) (Hofmann et al., 2012) . Three peaks are observed. The peak at low transfer efficiencies corresponds to molecules without an active acceptor fluorophore. The peak at high transfer efficiencies corresponds to folded molecules, whereas the peak at intermediate transfer efficiency corresponds to unfolded CspTm molecules. With increasing concentrations of GdmCl, the transfer efficiency distribution of unfolded CspTm shifts continuously to lower transfer efficiencies (black arrow) suggesting an expansion of the unfolded chain with increasing denaturant concentrations. (B) Confocal single-molecule experiment on freely diffusing molecules. In this example of a four-channel instrument, the fluorescence signal is first separated by polarization and then by wavelength into the detection channels corresponding to emission from donor and acceptor chromophores. Data can either be taken on molecules freely diffusing in solution at very low concentration and observed while they diffuse through the confocal detection volume, or data on immobilized molecules can be recorded by sample or laser scanning.
reactions (Betancourt and Thirumalai, 1999; Klimov et al., 2002; Jewett et al., 2004; Hayer-Hartl and Minton, 2006; Tang et al., 2006) . However, results from experiments and simulation show that this accelerating effect can be counteracted by interactions of the denatured substrate with the GroEL-GroES cavity wall . In the following, some of the basic principles of single-molecule fluorescence techniques are reviewed and examples from my own research are discussed to show how single-molecule experiments can be used to understand the polymer physical properties of unfolded and intrinsically disordered proteins.
Distances in unfolded proteins from singlemolecule Förster resonance energy transfer
Förster resonance energy transfer (FRET) at the singlemolecule level is ideally suited to obtain distances in unfolded proteins. Even in the presence of an excess of folded proteins, the subpopulation of unfolded proteins still can be identified ( Figure 1A ). In the typical singlemolecule fluorescence experiment, the protein labeled with a donor and an acceptor fluorophore diffuses randomly in and out of the confocal volume produced by a laser beam that passed an objective with high numerical aperture ( Figure 1B) . Once a doubly labeled molecule stochastically enters the confocal volume, the donor fluorophore is excited by the laser light. To return to its ground state, the donor either emits a photon or it transfers its excitation energy to the acceptor. In its classical description, the latter process (FRET) originates from the resonance of the transition dipole moments of donor and acceptor fluorophores. The efficiency of the resulting energy transfer (E) from D to A depends on the inverse 6th power of the D-A distance (r) and the characteristic distance R 0 (Figure 2A of ∼2 nm to 10 nm. Importantly, the transfer efficiency (E) can be obtained directly from the measured number of acceptor and donor photons (n A , n D ) for each single molecule via 6 0 6 6 0 ( ) .
Before calculating transfer efficiencies from n A and n D , the detected photon counts in both detectors have to be corrected for their relative molecular brightness, background, detection efficiencies of the detectors, and the direct excitation of the acceptor (Schuler, 2007) . Once the correct transfer efficiency is known, Equation (1) relates E to a single distance (r). However, in contrast to folded proteins, the distance between D and A in unfolded proteins and IDPs is not a fixed quantity. Instead, the D-A distance will fluctuate at a timescale of hundreds of nanoseconds because of the diffusive dynamics of the polypeptide chain (Bieri et al., 1999; Neuweiler et al., 2003; Möglich et al., 2006; Fierz et al., 2007; Nettels et al., 2007; Neuweiler et al., 2009; Soranno et al., 2012) , which leads to a broad distribution of distances P(r). A common misunderstanding of single-molecule FRET experiments is that a broad distribution of distances also will lead to a broad distribution of transfer efficiencies. Instead, it is important to compare the timescale of the distance fluctuations with the time resolution of the experiment. The typical residence time of a protein molecule in the confocal spot is ∼1 ms. During this time, several hundreds of photons can be recorded from the donor and acceptor dye, which finally leads to an average time between successive photons (interphoton time) of approximately 1-10 μs. However, this timescale is much slower than the distance dynamics of unfolded proteins, and the polypeptide chain will sample a large part of its conformational space during the interphoton time. This fast conformational averaging leads to narrow transfer efficiency distributions whose mean value 〈E〉 is related to the distance distribution P(r) via
Here, L is the contour length of the unfolded protein, which is given by the length of one peptide bond (b = 0.38 nm) times the number of peptide bonds (N bonds ). In contrast, the width of the transfer efficiency distribution is dominated mainly by the uncertainty in the determined transfer efficiency, which results from the small number of detected photons (shot noise). To use Equation (2), several polymer models can be used to estimate P(r). Certainly one of the simplest models is the Gaussian chain model whose distance distribution is given by 3/ 2 2 2 2 2 3 3 ( ) 4 e xp -2 2 r P r r r r π π
where 〈r 2 〉 is the mean-squared distance between D and A ( Figure 2B ). It has been shown that other polymer models, such as the worm-like chain model ( Thirumalai and Ha, 1998) or an excluded-volume chain model with interactions (Sanchez, 1979) yield similar results (Hofmann et al., 2012) . The only free parameter in the Gaussian chain model is 〈r 2 〉, which can be obtained from 〈E〉 by numerically solving Equation (2). Within the framework of the simple polymer model described, the mean-squared distance between the attached fluorophores is related to the radius of gyration of the chain, which is a global measure of its dimension and an important parameter in all polymer theories. In the following section, examples of how the described single-molecule approach has been used in the past to understand generic properties of unfolded and intrinsically disordered proteins are discussed.
The effect of solvation on unfolded proteins and IDPs
Unfolded proteins compact upon transfer from high to low concentrations of denaturants, such as urea or guanidinium chloride (GdmCl) (Schuler et al., 2002; Sinha and Udgaonkar, 2005; Magg et al., 2006; Sherman and Haran, 2006; Merchant et al., 2007) (Figure 1A ).
This compaction, often referred to as collapse of the polypeptide chain, has been identified in a multitude of single-molecule studies using Förster resonance energy transfer (smFRET) as a reporter of the dimension of unfolded proteins (Deniz et al., 2000; Schuler et al., 2002; Kuzmenkina et al., 2005; Sherman and Haran, 2006; Hoffmann et al., 2007; Merchant et al., 2007) . Using fast fluorescence correlation techniques, the timescale of the conformational fluctuations in unfolded, and intrinsically disordered proteins has been found to be in the order of ∼0.1 μs , which suggests the absence of a large free energy barrier between the expanded and collapsed unfolded state ensemble.
However, what are the molecular driving forces of this compaction? Already in the first experimental description of the collapse process using single-molecule FRET, it has been suggested that the binding of denaturant molecules to the polypeptide chain is responsible for the observed expansion in solutions containing increasing amounts of GdmCl (Schuler et al., 2002; Sherman and Haran, 2006) . Until recently (Ziv and Haran, 2009; Hofmann et al., 2012) , however, a direct link between the free energy of solvation of the polypeptide chain and its dimension, expressed by the radius of gyration, was missing. It was the combination of single-molecule FRET experiments with polymer theory that provided a quantitative explanation for the denaturant-driven expansion of unfolded and intrinsically disordered proteins.
The first important step toward a quantitative understanding of the collapse process was taken by Ziv and Haran (2009) , who analyzed a large data set of singlemolecule FRET experiments in which the mean transfer efficiency of unfolded proteins has been obtained over a broad range of denaturant concentrations. The authors used a mean-field polymer theory (Sanchez, 1979) to convert the experimentally obtained mean transfer efficiency directly 〈E〉 into a mean interaction energy between the amino acids in the unfolded proteins. After computing free energies, they found that the change in the unfoldedstate free energy upon addition of denaturant correlates with the change in the free energy of folding. Correspondingly, they concluded that a major part of the free energy change for folding originates from the free energy change of collapse. Although this thermodynamic link between folding and collapse has been used already in theory (Alonso and Dill, 1991) , it was the first time that it was demonstrated experimentally.
Recently, Hofmann et al. (2012) extended the analysis of Ziv and Haran (2009) to a broad range of proteins with very different sequence composition, ranging from nearly charge-balanced sequences up to highly charged IDPs, such as prothymosin α (Hofmann et al., 2012) . Despite largely different sequence properties of the investigated proteins, the authors found that the change in the mean interaction energy between the amino acids in these unfolded proteins was in quantitative agreement with the change in the free energy of solvation of the chain ( Figure 3A) , a quantity that can be calculated from the solvation free energies of the free amino acids (Nozaki and Tanford, 1970) . This observation provided a simple explanation for the correlation found by Ziv and Haran (2009) . When adding denaturants, such as GdmCl, the release of the solvation free energy in the unfolded protein provides the driving force for the expansion of unfolded proteins and IDPs, and shifts the equilibrium between folded and unfolded proteins toward the side of unfolded proteins.
However, this simple model cannot explain the length-scaling of the radius of gyration of unfolded proteins and IDPs under physiological conditions. Scaling laws (Flory, 1949; Grosberg and Kuznetsov, 1992) relate the radius of gyration of a polymer (R G ) to its length, in other words, the number of peptide bonds (N), via R G ∝N ν . Importantly, the exponents of these scaling laws provide information on the type of forces that dominate the size of polymers. For example, the size of a polymer without intrachain interactions will be determined by its excluded volume -by the volume of the amino acids in case of proteins. Such a chain will have a scaling exponent of 0.6. In contrast, if intrachain interactions dominate, the chain will collapse, and the scaling exponent reduces to 0.33. Between the two limits, under conditions where the repulsive and attractive contributions to the free energy of the chain are exactly balanced, the scaling exponent will reach a value of one half. These conditions are called Θ-conditions. Experiments using small-angle X-ray scattering (SAXS) and dynamic light scattering (DLS) showed that unfolded proteins in high concentrations of denaturant indeed show a scaling exponent close to 0.6 (Uversky, 2002; Kohn et al., 2004) . Hence, under these conditions, the dominant interactions result from the excluded volume of the amino acids.
In contrast, the scaling exponents of unfolded proteins under physiological conditions are more difficult to obtain. Hofmann et al. (2012) found that the scaling exponents of their investigated proteins converge to a value close to 0.6 at high denaturant concentrations, in line with SAXS and DLS experiments (Uversky, 2002; Kohn et al., 2004) . However, the scaling exponents strongly diverge from this value when the denaturant concentration is lowered. In the absence of GdmCl -in native conditions -the authors found that the scaling exponents depend sensitively on the sequence composition ( Figure 3B ). For example, the scaling exponents rise with increasing net charge of the sequences, but they lower with increasing hydrophobicity, suggesting that the balance of polymer-solvent and polymer-polymer interaction is altered by the chemical properties of the amino acid side chains. Most importantly, the average scaling exponent of the four moderately charged foldable protein sequences was 0.46 ± 0.05 under native conditions, in other words, close to the ideal value of one half. This suggests that water is close to a Θ-solvent for these unfolded proteins.
What do these results imply for protein folding? Especially during the early stages of the folding process, many interactions have to be sampled to find the correct contacts that incrementally decrease the energy of the protein. Simulations based on simple models predict that unfolded chains close to the Θ-regime can accomplish this optimization process more efficiently than chains that are in the completely collapsed globule regime (Camacho and Thirumalai, 1993; Thirumalai et al., 2010) . Hence, folding has been suggested to be most efficient close to the Θ-regime (Camacho and Thirumalai, 1993; Thirumalai et al., 2010) and the discussed results imply that natural protein sequences are indeed close to this regime.
The effect of charges on unfolded proteins and IDPs
Although substantial progress has been made in the past by applying polymer concepts to unfolded proteins and IDPs, the description of unfolded proteins by one meanfield interaction energy remains incomplete. Proteins usually have a complex sequence composition consisting of 20 different types of amino acids. Averaging over all possible types of interactions by extracting one mean interaction energy (Haran, 2012; Hofmann et al., 2012) is only a crucial first step for understanding the behavior of polypeptide chains. This aspect gained particular attention for IDPs, proteins that have an unusual high amount of charged amino acids (Uversky et al., 2000) .
A first qualitative observation of the effect of charge interactions on the dimension of an unfolded protein was obtained by Hofmann et al. (2008) . Using single-molecule FRET, the authors found a surprising discrepancy between the radius of gyration of the unfolded ribonuclease inhibitor barstar in low concentrations of urea and GdmCl. In the neutral denaturant urea, unfolded barstar was significantly more expanded than in the ionic denaturant GdmCl. Using a nondenaturing salt (KCl), the authors showed that unfolded barstar indeed collapsed with increasing ionic strength of the solution, which points toward the presence of substantial electrostatic repulsions in the chain at low ionic strength. Even though this explanation is physically intuitive, it raises an important question. Which sequence properties determine the strength and the sign of electrostatic interactions in unfolded proteins? Müller-Späth et al. (2010) investigated this aspect by using singlemolecule fluorescence spectroscopy to investigate four different polypeptide sequences (three IDP sequences and one foldable sequence) with largely different net charge (Müller-Späth et al., 2010) . For the highly charged IDP sequences of prothymosin α (N-terminal part: -14, C-terminal part: -27) and the N-terminal domain of HIV integrase (-4), the authors found a continuous compaction of the polypeptide chains with decreasing concentrations of the denaturant GdmCl (Figure 4C,D) .
From the discussion in the preceding sections, this behavior is expected because of the change in the free energy of solvation of the polypeptide chain. However, at very low concentrations of GdmCl, the dimensions of the investigated IDPs expand again. Experiments using the neutral denaturant urea, instead of the salt GdmCl, did not reveal such an expansion at low concentrations of denaturant, suggesting that repulsive electrostatic interactions between the charged amino acids in the chain are responsible for the effect in GdmCl, similar to the effect found for the unfolded state of barstar (Hofmann et 2008). Two types of polymer theories were able to describe quantitatively the observed effect, a polyelectrolyte theory (Ha and Thirumalai, 1992) in which the electrostatics of the chain only depend on the net charge of the sequence, and a polyampholyte theory (Higgs and Joanny, 1991) , which takes repulsive and attractive interactions approximately into account. Importantly, the foldable protein sequence, a destabilized variant of the cold shock protein from Thermotoga maritima (CspTm) with a low net charge (-2), did not exhibit a reexpansion of its unfolded state at low GdmCl concentrations. In contrast, unfolded CspTm even showed an additional collapse at low ionic strength ( Figure 4A ), which is a clear indication that attractive electrostatic interactions start to dominate. Correspondingly, only polyampholyte theory, which explicitly takes repulsive and attractive electrostatic interactions into account, was able to explain this effect quantitatively. The counter-intuitive observation that the three IDP sequences expand with decreasing ionic strength, whereas the foldable protein sequence of CspTm collapses with decreasing ionic strength, could only be understood in terms of a theory that explicitly takes repulsive and attractive charge effects into account.
Interaction of an unfolded protein with GroEL-GroES
From the two preceding sections it is clear that the dimensions of unfolded proteins and IDPs depend sensitively on the solution conditions and on the amino acid composition of the chain. However, in the crowded environment of a living cell, cellular factors, such as chaperones and machineries that translocate and degrade proteins, can exert additional forces on polypeptide chains, which will have a large effect on the conformation and dynamics of polypeptide chains (Hartl et al., 2011) . The complexity of these factors together with their promiscuity (Houry et al., 1999; Kerner et al., 2005; Stan et al., 2006) often complicate a quantitative investigation of their effects on unfolded proteins and protein folding. The use of external fluorophores and the ability to discriminate between subpopulations with different interdye distances makes single-molecule fluorescence spectroscopy to a versatile tool for the investigation of the conformations and dynamics of proteins in more complex systems such as molecular chaperones. Hofmann et al. (2010) used a single-molecule FRET approach to investigate the chaperonin GroEL-GroES. This remarkable molecular machine binds nonnative proteins and allows them to fold within a cavity formed by the heptameric rings of GroEL and GroES. Based on simple polymer models and molecular simulations, it was expected that the confinement of proteins inside a cavity, such as the one formed by the heptameric rings of GroEL and GroES (Thirumalai and Lorimer, 2001; Hartl and Hayer-Hartl, 2002; Fenton and Horwich, 2003; Bukau et al., 2006; Hartl et al., 2011) , can accelerate protein folding reactions by an entropic destabilization of the unfolded chain (Betancourt and Thirumalai, 1999; Klimov et al., 2002; Jewett et al., 2004; Hayer-Hartl and Minton, 2006; Tang et al., 2006) . However, the cavity is only slightly larger than the folded structure of typical proteins known to interact with the chaperonin. The large volume of unconfined unfolded protein chains compared to the size of the cavity therefore raised the question of whether and how such strong confinement affects the folding reaction (Zhou and Dill, 2001; Klimov et al., 2002; Baumketner et al., 2003; Takagi et al., 2003; Jewett et al., 2004; Tang et al., 2006; Farr et al., 2007; Mittal and Best, 2008) .
By placing the FRET-fluorophores at different positions in the two-domain substrate protein rhodanese, Hofmann et al. (2010) used single-molecule FRET to map the conformation of the N-terminal (N-variant) and C-terminal domain (C-variant), and the conformation of the linker that connects both domains (L-variant). Binding of unfolded rhodanese to GroEL led to very broad transfer efficiency distributions. However, a broad single-molecule transfer efficiency histogram does not originate necessarily from a broad distance distribution. Particularly for the interaction of rhodanese with GroEL, control experiments revealed high-fluorescence anisotropies, which suggests that the fluorophores attached to rhodanese are not free to rotate in complex with GroEL. Instead, a previous study of Hillger et al. (2008) showed that a distribution of different static fluorophore orientations was responsible for the observed broad transfer efficiency histograms, which complicates the accurate determination of distances. Although intrachain distances in unfolded rhodanese were difficult to extract when the substrate was bound to GroEL, the folding kinetics still could be obtained.
Important for an evaluation of the effect of confinement on the folding reaction of rhodanese is the direct comparison of the chaperonin-mediated folding with the autonomous reaction in the absence of GroEL-GroES. Especially for stringent chaperone substrates, this comparison is complicated by their high aggregation propensity. However, the low concentrations used in single-molecule experiments (50 pM) effectively prevent aggregation, and a direct comparison between autonomous and chaperonin-mediated folding was possible. Surprisingly, Hofmann et al. (2010) found that the effect of GroEL-GroES on the folding rate constants of rhodanese was marginal. Only the folding of the C-terminal domain of rhodanese was affected.
However, in contrast to the expectation from simple polymer theories, folding was not accelerated but decelerated ( Figure 5 ). As an origin for this deceleration, Hofmann et al. (2010) suggested the presence of attractive interactions between the unfolded substrate and the wall of GroEL-GroES. Indeed, in a recent study (Sirur and Best, 2013) , the authors used coarse-grained molecular dynamics simulations to show that the interactions of rhodanese with the GroEL-GroES cavity wall can indeed explain the experimentally observed deceleration of rhodanese folding if strong interactions of the unfolded chain with the cavity wall were imposed. The results of Hofmann et al. (2010) and Sirur and Best (2013) show that simple polymer models also have limits.
Although these theories are very successful in the description of unfolded and intrinsically disordered proteins, they miss many of the specific aspects that might be important to describe the interaction of unfolded proteins with large molecular assemblies, such as the chaperonin GroEL-GroES. Nevertheless, these theories are extremely helpful in formulating predictions on the basis of simple physical effects that finally allow a more rigorous interpretation of experimental results. Figure 5 Direct comparison of folding dynamics outside and inside the GroEL/ES chaperonin cavity from single molecule fluorescence spectroscopy . Compared to folding of the C-terminal domain of rhodanese free in solution (circles), the rate constants of folding inside the single-ring GroEL/ES cavity are reduced, suggesting that interactions between denatured rhodanese and the cavity walls or internal friction can lead to slowed folding inside the chaperonin cage. Insets: Schematic surface representations of native rhodanese (top) and native rhodanese inside the GroEL-GroES cavity.
Summary
In the past decade, the combination of single-molecule fluorescence techniques with polymer theoretical models has contributed significantly to our understanding of unfolded and intrinsically disordered proteins. However, the success of this combination was, at least in part, possible because of the relative simplicity of the investigated systems. More complex problems, such as the effect of molecular chaperones on protein folding reactions, are difficult to capture by generic polymer theories, because specific interactions might dominate the observed effects. Of course, the discrepancy between theory and experiment is very likely to increase with increasing complexity of the system under investigation, for example if the processes of folding and binding are investigated in the crowded environment of a living cell. Therefore, in the future, the development of new theories with broader applicability needs to go hand in hand with molecular dynamics simulations and a further development of the experimental toolbox of single-molecule techniques to obtain a more accurate and physics-based understanding of the complex biochemical processes inside a living cell.
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